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Abstract 
During training and competition in short track speed skating, skaters commonly fall on the ice and slide into crash 
pads that line the boards of the rink.  Skaters wear helmets to protect their heads from such impacts.  Nevertheless, 
concussion injuries are not uncommon, especially from impacts into the crash pads.  Basic mechanical principles 
suggest that, all other things being equal, smaller sized and rounder shaped helmets should reduce peak impact forces 
when hitting relatively soft crash pads.  This study validates these assumptions and determines the magnitude of these 
effects using drop tests and a 3D accelerometer.  Hemispherical head forms of various radii, each weighing approx. 
4.5 kg, were dropped from four heights (0.3-4.0 m) onto a crash pad.  Peak linear decelerations were recorded.  In one 
set of tests, complete hemispheres were used, highlighting the effect of helmet size (radius).  In a second set of tests, 
another set of hemispheres of various radii were sliced to produce caps each with a diameter of 8” but each with a 
different radius of curvature.  Impact tests at four drop heights using these caps revealed the effect of helmet shape.  
Size was found to be more important than shape, with the greatest effects being in the 10-20 cm radius range, a range 
which is relevant to helmets used in the sport today. 
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1. Introduction 
Short track speed skaters train and compete on ice surfaces typically designed for ice hockey.  To 
protect skaters from injury if they fall, the ice surface is surrounded by dasher boards that are covered to 
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varying extents with foam pads of various thicknesses.  Since skaters may hit their heads when they fall, 
they are required to wear helmets by both the International Skating Union [1] and by National Sport 
Organizations [e.g. 2].  While falls are not infrequent, it has been observed that head impacts into the pads 
are more common than those onto the ice [3].  Nevertheless, helmet standards [4, 5] include no design and 
test criteria that are relevant to impacts into soft surfaces. 
Over the last several years, an increase in the incidence of concussions has been noticed in short track 
speed skating at the sub-elite and elite levels [6].  The speeds of the skaters have increased over that time, 
as evidenced by the progression of World records [7].  However, the lack of consideration during design 
and testing of short track helmets with regards to hitting compliant surfaces begs the question of whether 
these helmets could be further optimized. 
Concussions can result from rapid linear and/or rotational accelerations [e.g. 8, 9].  In short track, pads 
are designed to reduce peak linear decelerations.  However, no consideration is given to the interaction 
between the qualities of the pads and of the helmets in the sport.  Speed skaters can hit pads directly, or at 
any acute angle, depending on where they fall on the rink and how fast they are going.  Falling head-first 
into the pads is very dangerous, given the chance of spinal compressions and fractures.  Fortunately, 
skaters typically hit the pads with most of the length of their body, although the head can be in any 
orientation i.e. going in face-first, backwards or sideways. 
In Canada, the two most commonly used helmets in sub-elite and elite-level speed skating are made by 
LAS and Louis Garneau [10, 11].  The LAS helmet comes in one size that is adjustable to fit most heads.  
It has a width, length and height of 21 cm (8 ¼”), 28 cm (11”), and 12 cm (4 ¾”), respectively.  This 
helmet has a hard outer shell made of engineered plastic while the bulk of the helmet is made of stiff 
expanded polystyrene with an average thickness of 2.2 cm.  A 0.5 cm thick liner made of soft open-cell 
foam provides comfort and support while a network of nylon strapping secures the helmet to the head 
under the chin with a clasp.  The Louis Garneau helmets have a slightly thicker shell (2.5 cm) and come in 
two sizes, S/M and M/L.  Fundamentally, they are all similar to modern cycling helmets. 
One possible explanation for the increased incidence of concussions in short track in recent years is 
that the size of the helmets has increased over that time.  While more like cycling helmets now, the 
helmets used to be more form fitting (smaller and rounder) and more compliant.  These variables could be 
playing a role in the effectiveness of the helmets when skaters hit soft pads.  Basic impact mechanics 
suggest that they probably are, as larger and more blunt objects will recruit more foam more quickly to 
more rapidly decelerate.  However, the question of the magnitude and nature of the effect is an open one. 
Given that question, this study examines two features of helmets (size and shape) in terms of how they 
influence peak linear decelerations during impacts into typical short track crash pads.  Our hypothesis was 
that rounder and smaller helmets would have lower peak decelerations versus blunter and larger helmets. 
2. Experimental Methods 
The study was conducted in two parts.  In both parts, the common experimental procedure was to drop 
each of 4 impacting test articles from 4 different heights (0.30 m, 1.00 m, 2.25 m, and 4.00 m) and record 
the peak linear decelerations as the test articles hit a speed skating pad resting flat on the floor.  In the first 
(size) part of the study, portions of rigid and hollow Styrofoam hemispheres (Plasteel Corp, MI, USA) of 
4 different radii (4” or 10.2 cm, 6” or 15.2 cm, 7.75” or 19.8 cm, and 12” or 30.5 cm) were dropped.  In 
the second (shape) part of the study, cylindrical missiles were fabricated.  On the impacting end of each 
missile was a section (cap) of one of the Styrofoam hemispheres, in all cases with a cross-sectional area of 
324.3 cm2 but in each case with a different bluntness or “shape”.  In addition to the radii used in the first 
part of the study, a cap with a radius value of 15” (38.1 cm) was also used in the second part of the study.  
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A 3D MicroStrain TRIAX-3031-50 wireless accelerometer hardened for high-G impacts was imbedded 
into a mass of home-made modeling compound (Playdough) to roughly simulate brain matter. The 
modeling compound was prepared using flour, water, salt, vegetable oil, and cream of tartar.  The 
cylindrical missiles were made of 8” (20.3 cm) OD hard cardboard cylindrical tubing with the Styrofoam 
cap attached on one end.  The modeling compound was packed inside the cylinder to fill the cap, and the 
accelerometer was positioned within the compound approximately 5 cm from the upper surface of the 
Styrofoam hemisphere.  The mass of each hemispherical test article was 4.43 ± .01 kg, while the mass of 
each cylindrical test article was 4.72 ± .01 kg. 
Accelerometer data collection took place at 617 Hz on all 3 channels.  A Casio Exilim EX-FH25 
digital camera recorded impacts at 240 Hz.  The test articles were dropped into a crash pad that was 84” 
(213.4 cm) long by 48” (121.9 cm) wide by 12” (30.5 cm) thick (Norseman Allfoam, Calgary, Canada).  It 
was covered in a vented 18 oz vinyl-coated polyester cover and its interior consisted of 4” (10.2 cm) of 
H26Y open-cell foam on top of 8” (20.3 cm) of R42 open-cell foam [12].  This can be regarded as a fairly 
thick crash pad of moderate compressibility [13]. 
For a given impact test, a test article was elevated to the correct height (± 1-3%) and then released to 
hit a target location in the middle of the pad.  The order of drop heights was randomized for a given test 
article, and the order of test articles was also randomized.  In general, at least 4 trials were conducted per 
(test article x drop height) condition, although only 2-3 drops per condition were conducted from 0.30 m.  
Accelerometer measurements were made in G’s, and a 3D calculation was made to determine the resultant 
deceleration vector.  Repeatability (see Results) was of high quality, in spite of some test articles not 
being perfectly vertically oriented for all impacts. 
Impact velocity was not measured directly.  Reference is instead made to the drop height in the Results 
section.  Due to the difficulties inherent with dead reckoning in accelerometers [14], impact velocity could 
not be determined via integration of the accelerometer signals.  However, it was possible to determine 
freefall times so as to ensure that impact velocities were consistent across test articles for a given drop 
height.  In the case of the hemispherical (size) test articles, cross-sectional areas were not all the same.  As 
such, differential aerodynamic drag was a concern.  This concern was addressed two ways.  First, the 4” 
and 6” radius test articles were made to have the same cross-sectional area (that of the 6” radius 
hemisphere).  This was done by using the 4” radius missile from the shape study and then adding a 6” 
radius cowl to the cylinder.  In the case of the 7.75” and 12” radius test articles, the top portion of the 12” 
radius hemisphere was truncated to match the cross-sectional area of the 7.75” radius hemisphere.  It was 
assumed that the truncated portion would never touch the crash pad anyways.  Second, freefall times were 
derived from accelerometer data and were used in the freefall kinematic equation to infer freefall distance.  
This was done for all missile and all hemispherical test article trials.  There was no statistical difference 
between any of the missiles at any drop height, nor between any of the hemispherical test articles at the 
lower 2 drop heights.  At the upper 2 drop heights, only the 4” radius hemispherical test article stood out.  
It seemed to fall somewhat faster than the others.  As the Results will show, this would only increase the 
magnitude of the effect that we found. 
3. Results 
Figures 1 and 2 show the results of the two parts of the study.  Based on the average results for each 
condition, Tables 1 and 2 show the 2nd order polynomial best-fit lines for each drop height, along with the 
associated R values.  The smaller and rounder the impacting surface is, the lower the peak linear 
deceleration value will be.  The effect is greater for size than it is for shape, and the effect increases with 
velocity.  Note that the standard deviation values are shown in the Figures for each test condition. 
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Fig. 1. Helmet size results, by drop height   Fig. 2. Helmet shape results, by drop height 
 
Table 1. Drop height, size regression lines and R values  Table 2. Drop height, shape regression lines and R values 
    
Height Regression Line R val Height Regression Line R val 
0.30 m -.0005x2+0.110x+7.88 0.999 0.30 m -.0007x2+0.071x+8.05 0.996 
1.00 m +.0004x2+0.105x+18.19 0.996 1.00 m -.0025x2+0.162x+17.61 0.958 
2.25 m -.0089x2+0.708x+24.38 0.942 2.25 m -.0033x2+0.212x+28.47 0.938 
4.00 m -.0292x2+1.696x+29.70 0.916 4.00 m -.0034x2+0.243x+42.37 0.997 
 
Figure 3 shows digital photographs of the 7.75” (19.8 cm) radius hemispheric test article as it hits the 
pad for each of the 4 drop heights.  The degree of pad compression notably increases with drop height. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Pad indentation by drop height for the 7.75” (19.8 cm) radius hemispheric test article 
4. Discussion 
It is clear that smaller and rounder helmets produce lower peak linear decelerations in the tested 
context, and that the effect of helmet size is greater than that of helmet shape.  At real-life impact 
velocities, the difference of a few centimeters in helmet size will alter peak deceleration values by several 
Gs.  Additionally, given that smaller and rounder helmets produce lower rotational accelerations on the 
       0.30 m      1.00 m                2.25 m              4.00 m 
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head (all other things being equal), they would be advantageous from that perspective as well.  Given the 
overlap in the sizes of the test articles with helmets currently in use in competitive short track speed 
skating, these findings are highly relevant.  However, one must be cautious with the scope of conclusions. 
The pad used in this study was 12” (30.5 cm) thick.  If the pad had been thinner, it is likely that the 
reverse of the noted effect would have been observed at high impact velocities.  The smaller/rounder test 
articles would have compressed the open-cell foam so completely that the apparent stiffness of the pad 
would have jumped dramatically at the end of the impacts at the highest impact velocities.  Furthermore, 
had the pad been softer or harder, we expect the results may have been magnified or diminished, 
respectively.  As well, if the test articles had been more compliant (they were quite stiff and did not 
appear to fracture at all or deform very much), the results may also have been quite different. 
A few limitations of the current experiment should also be considered.  For example, the pad lay flat 
on a tile/concrete floor.  This would be a less compliant surface than a hockey dasher board.  Also, since 
top speeds of short track speed skaters exceed 50 kmph (14 m/s), tests should be conducted at velocities 
closer to these values (although we did reach § 9 m/s).  As well, while the Styrofoam hemispheres and 
caps were durable, they varied somewhat in their wall thicknesses although there was no evidence of this 
having any effect.  Regarding the possible variability introduced by air drag, the only data which may 
have been skewed was that of the 4” radius hemisphere at the top 2 drop heights.  While the 4” radius 
hemisphere did have the same cross-sectional area as the 6” radius test article, the shape of that cross-
section was quite different over the length of the test article.  Our analyses suggest that it may have been 
falling somewhat faster than the other test articles.  If so, those two data points in Figure 1 would likely 
be lower, giving a better regression value.  Similarly, the 12” radius hemisphere may have been truncated 
too much, resulting in the highest drop heights having somewhat artificially low peak values.  Again, the 
resolution of this shortcoming would tend to increase the clarity of the overall picture. 
We also noted during our testing that one can get very different results depending on where one hits 
the crash pad.  The stiffest portions of the pad are in the centre where the pad cover exerts tension from 
all directions.  However, toward the edges of the pad, and most especially toward the corners of the pad, 
there is not as much pad cover tension and significantly lower peak impact values can be measured there. 
As such, the practical implications of this work are not yet fully clear.  For very young skaters who 
cannot skate very fast, falling on the ice may not even bring them to the pads.  They need helmets that 
protect them from hitting their heads on the ice.  For faster and heavier skaters, the results of this study 
may be useful.  However, if relatively thin and soft pads are used in a given rink, it could be the case that 
our findings would have a reverse effect, as noted above.  If this is the case, then the “best” helmet clearly 
depends on the level of skater and the nature of the padding around the rink.  It is very important that the 
interaction between helmets, pads and athletes be considered in both design and use. 
The current work suggests specific future work.  For instance, similar tests should be conducted at 
impact velocities up to 12 m/s and on a range of foam compressibilities, temperatures and thicknesses, as 
well as a range of pad covers.  It would also be interesting to compare graphs of peak linear decelerations 
with those of other concussion indicators such as the Head Injury Criterion [15].  Furthermore, it should 
be possible to conduct the same types of tests with inclined pads and rotational sensors, in order to 
determine relevant rotational accelerations.  Characterizing the different regions of a pad with respect to 
energy absorption during impact would likely be insightful, as would a rigorous evaluation of indentation 
depth during impacts.  Finally, controlling for the compliance of the impacting test article could provide 
an understanding of how that variable interacts with the compliance of the surface being impacted. 
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5. Conclusions 
Helmet size and shape (roundedness) do influence peak linear decelerations in impact tests with 
compliant short track speed skating pads.  The smaller and rounder the helmets, the lower these values 
will be, when using relatively stiff helmets and relatively compliant pads.  As well, given the mechanics 
of moments and rotations, rotational accelerations should also be reduced in these conditions.  The 
magnitude of the size effect was found to be greater than the shape effect, and the effects increase with 
velocity to a level of several Gs for every few centimeters difference in helmet size in the wearable range.  
More investigation is needed to determine the nature of these effects when pads are thinner, colder, 
stiffer, and softer, and when helmets are more compliant.  It should also be noted that the methods used in 
this study work well in terms of data quality, in spite of being relatively inexpensive and simple. 
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